Abstract: Water acidification follows CO 2 injection and leads to reactive fluid transport through pores and rock fractures, with potential implications to reservoirs and wells in CO 2 geologic storage and enhanced oil recovery. Kinetic rate laws for dissolution reactions in calcite and anorthite are combined with Navier-Stokes law and advection-diffusion transport to perform geometry-coupled numerical simulations in order to study the evolution of chemical reactions, species concentration and fracture morphology. Results are summarized as a function of two dimensionless parameters: the Damköhler number Da which is the ratio between advection and reaction times, and the transverse Peclet number Pe defined as the ratio between the time for diffusion across the fracture and the time for advection along the fracture. Reactant species are
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would develop in the context of CO 2 geologic storage and enhanced oil recovery in fractured media. The goal is to advance our understanding of the flow of CO 2 -dissolved water at the fracture-scale as water rich in total carbonic acid H 2 CO 3 * and hydrogen ions H + traverses the fracture. We summarize transport patterns in terms of key dimensionless numbers to facilitate the analyses of fracture networks subjected to reactive fluid transport and ensuing pore enlargements.
Kinetic rates are analyzed first followed by a 2-D numerical simulation study of CO 2 -dissolved water injection.
Kinetic Rates

CO 2 Dissolution in Water
Injected carbon dioxide CO 2 dissolves in the formation water or brine to sequentially form aqueous carbon dioxide CO 2(aq) 
where square brackets around species indicate species concentrations. Rate constants k i in Equations 1-to-4 are summarized in Table 1 .
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We can numerically examine the evolution of species concentrations with these kinetic rate laws. For instance, the solution of differential Equations 1 to 4 (using 4 th order Runge-Kutta and temperature T=40°C).
Mineral Dissolutions
Geological formations typically considered for CO 2 storage are sandstones and carbonates (Bachu et al. 1994) . Then, we analyze two representative minerals: calcite CaCO 3
(fast dissolution), and anorthite CaAl 2 Si 2 O 8 (slow dissolution). Dissolution rates in the presence of CO 2 dissolved water are analyzed next.
Calcite Dissolution. Three concurrent chemical reactions take place when calcite is in contact with CO 2 acidified water, each with its own rate constant k i and equilibrium constant K eq (Plummer et al. 1978 
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Again, the overall dissolution rate is described as a function of rate constants, concentrations of reactant species and saturation: (Figure 1 ).
Numerical Simulation of Reactive Fluid Flow
The coupling between hydro-chemical phenomena during the transport of reactive CO 2 -acidified water through a pore or fracture in a mineral system is investigated next. We start by identifying the governing dimensionless ratios. 
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Consider the plane across a rock fracture with length l much longer than the aperture d, i.e., l>>d, subjected to reactive fluid transport by the forced advection of CO 2 -acidified water.
The problem is simulated using the moving mesh function in COMSOL to reproduce the fracture enlargement due to chemical reaction (COMSOL 2008) . Figure 2 corresponds to the system in thermodynamic-equilibrium and satisfies electro-neutrality at pH=8.
Numerical computations continue until the total simulation time equals 10 times the advection
time 10·l/v 0 and involve more than 1,000 time steps. All parameters used for numerical simulations are summarized in Table 1 .
Validation
There is no analytical solution for reactive fluid transport in a two-dimensional pore.
Instead, we compare the analytical solution for one-dimensional geometry with 1-D numerical results obtained using the formulation described above. The governing equation for the one- 
Figure 3 
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Results and Discussion
Numerical simulation results for the 2-D fracture case relevant to CO 2 geological storage are presented herein in terms of species concentrations in space and time, the enlargement of the rock fracture and the morphing of the fracture geometry. Results are obtained for different regimes represented by dimensionless numbers Da and Pe ┴ .
Species Concentration
For both mineralogies, a higher advection velocity (lower Da) yields higher concentrations of residual reactant species at the outlet due to the lower residence time. Thus, inlet species concentrations will influence deeper into the reservoir in anorthite. In particular:
• • High Da (>10 -1 ) and high Pe ┴ -Calcite. When the advection velocity is high, diffusion fails to homogenize the concentration field across the fracture (high Pe • Low Da (<10 -1 ) -Anorthite. The longitudinal drop in reactant species is much lower in the
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Time to Reach Quasi Steady-State Condition
The time to reach quasi steady-state concentration at the outlet t qc is determined when species concentrations at the outlet c reach 95% of the equilibrium values c ∞ at t=∞ (refer to (Figure 11 ). Therefore, scaling must take into consideration both the fracture length and its slenderness (see also Li et al. 2008 ).
Let's examine a fracture network subjected to reactive fluid transport. If the length-toaperture ratio of single fractures is large (i.e., l/d≥30), species concentration resembles a 1D
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problem in each fracture. Then, if Pe>>1 and Da<<1, fracture morphology evolves uniformly within each fracture (Figure 9 ), and can be modeled with a uniform aperture evolution during reactive transport. Single fracture morphology would evolve with a pyramidal shape outside these conditions. In all cases, steady state conditions are reached with less than 2 pore volumes of flow through each fracture when constant inlet chemistry is involved; clearly this is not the case in a fracture network. The situation is aggravated when highly reactive minerals are involved, such as in calcite as compared to anorthite, as much larger fracture enlargements will develop, other conditions being the same. In summary, fracture network analyses must consider both the length and slenderness of fractures, in addition to flow conditions captured in Pe and Da.
Conclusions
Reactive fluid transport through a rock fracture was simulated taking into consideration kinetic rate laws relevant to CO 2 injection for geological storage and enhanced oil recovery in calcite and anorthite, which affect both reservoirs and wells. The geometry-coupled numerical simulation combines laminar flow, advective and diffusive mass transport of species, mineral dissolution and pore enlargement. Salient results follow.
Reactive fluid transport in a rock pore or fracture can be described in terms of two dimensionless parameters Damköhler Da and Peclet Pe numbers to take into consideration reactivity, advection and diffusion.
In highly-reactive low-advection conditions (Da>10 -1 and low Pe ┴ -e.g., low advection velocity in calcite), hydrogen ions H + are readily consumed near the inlet, the fluid becomes saturated with reaction products, and H 2 CO 3 * traverses the rest of the fracture length unconsumed. When the advection velocity increases and Pe ┴ >10 -1 , diffusion fails to homogenize the concentration field across the fracture, and mineral dissolution takes place more uniformly
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This article is protected by copyright. All rights reserved. In general, mineral dissolution couples with pore enlargement to extend the time to reach quasi steady-state. In all cases tested in this study, steady state conditions for a single fracture subjected to constant inlet conditions are reached with less than 2 pore volumes of flow through.
Reactive fluid transport along a fracture resembles the 1-D problem when the length-toaperture ratio is large, say l/d≥30. For a given length l, an increased fracture aperture d slows the diffusive transport of reactant species to the mineral fracture surface, and higher reactant concentrations remain along the centerline. Therefore, fracture network analyses must take into consideration both the length and slenderness of individual fractures in addition to flow conditions captured in Pe and Da.
The numerical approach developed in this study can be extended to 3-D fracture networks. Then, this mass-conserving model can be coupled with mechanical equilibrium and deformation compatibility to explore the response of fractured rock in the subsurface.
Appendix A: Kinetics -CO 2 Dissolution in Water
Injected carbon dioxide CO 2 dissolves in the formation water or brine to sequentially form aqueous carbon dioxide CO 2(aq) and carbonic acid H 2 CO 3 , which consequently dissociates into bicarbonate ions HCO 3 -and hydrogen ions H + (Stumm et al. 1996; IPCC 2005) :
Accepted Article
This article is protected by copyright. All rights reserved. (Stumm et al. 1996) . The rate constant at a given temperature can be computed using Arrhenius law:
where k 25 is the rate constant at T=25°C(=298.15K) and R is the gas constant. 
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C) Chemical reaction at mineral surface: 
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